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We investigate the enhancement of yields of strange and multi-strange baryons in proton–proton
(p+p), proton–lead (p+Pb) and lead–lead (Pb+Pb) collisions at the Large Hadron Collider (LHC)
energies from a dynamical core–corona initialization model. We first generate partons just after the
collisions by using event generators. These partons dynamically generate the quark gluon plasma
(QGP) fluids through the source terms in the hydrodynamic equations. According to the core–
corona picture, this process tends to happen where the density of generated partons is high and their
transverse momentum is low. Some partons do not fully participate in this process when they are in
dilute regions or their transverse momentum is high and subsequently fragment into hadrons through
string fragmentation. In this framework, the final hadrons come from either chemically equilibrated
fluids as in the conventional hydrodynamic models or string fragmentation. We calculate the ratio
of strange baryons to charged pions as a function of multiplicity and find that it monotonically
increases up to dNch/dη ∼ 100 and then saturates above. This suggests that the QGP fluids are
partly created and that their fraction increases with multiplicity in p+p and p+Pb collisions at LHC
energies.
PACS numbers: 25.75.-q, 12.38.Mh, 25.75.Ld, 24.10.Nz
Introduction.— High-energy heavy-ion collision exper-
iments are performed at the Relativistic heavy-ion Col-
lider (RHIC), Brookhaven National Laboratory, and the
Large Hadron Collider (LHC), CERN, to further under-
standing of the properties of deconfined nuclear matter,
the quark gluon plasma (QGP) [1]. A vast body of the
experimental data have been accumulated and theoret-
ical analysis of them elucidates that the QGP behaves
almost like a perfect fluid [2–6].
Comparisons of data from heavy-ion collision ex-
periments with those from control experiments such
as proton–proton, proton–nucleus and deuteron–nucleus
collisions could bring deeper insights into the properties
of the QGP. However, high-multiplicity events in these
small colliding systems exhibit some collective behav-
iors, which can be interpreted as creation of QGP fluids
(for a review, see, e.g., Ref. [7]). In addition, enhanced
production of multi-strange hadrons relative to charged
pions has been measured in high-multiplicity small col-
liding systems [8]. Strangeness enhancement was pro-
posed as a signature of QGP formation, [9–11] and has
been observed in high-energy heavy-ion collisions [12–
16]. The ratio of yields of multi-strange hadrons to those
of charged pions monotonically increases with charged
hadron multiplicity at mid-rapidity, dNch/dη, and satu-
rates above dNch/dη ∼ 100 regardless of the size or col-
lision energy of the systems [8]. In the low-multiplicity
limit, the ratio can be described by string fragmentation
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[17]. On the other hand, the saturated value of the ratio
mainly in Pb+Pb collisions can be interpreted as hadron
production from chemically equilibrated hadronic matter
with (anti-)strangeness through statistical model analy-
sis. (See, e.g., Ref. [18]). Thus the increasing behavior
of the ratio suggests a continuous change of the hadron
production mechanism from fragmentation dominance to
the chemically-equilibrated-matter dominance.
In this Letter, we develop a dynamical core–corona ini-
tialization model to investigate the production of QGP
fluids in p+p, p+Pb and Pb+Pb collisions at LHC ener-
gies and show that strangeness enhancement is controlled
by multiplicity as implied by the ALICE data [8] , rather
than the size of the colliding systems. This model de-
scribes the dynamics of gradually forming QGP fluids as
the density of the produced partons increases according
to the “core–corona” picture [19–28]: When a parton pro-
duced in the very early stage propagates through regions
occupied by many other partons (the “core”), the par-
ton deposits its energy and momentum due to the strong
interactions among them and gives rise to locally equili-
brated fluids. In contrast, a parton propagating through
dilute areas (the “corona”) does not take part in the for-
mation of the fluids and undergoes vacuum fragmenta-
tion.
In the following, we first formulate the dynamical core–
corona initialization model and then perform numerical
simulations in various colliding systems such as p+p at√
sNN = 7 TeV, p+Pb at 5.02 TeV, and Pb+Pb at 2.76
TeV. We estimate to what extent energy and momen-
tum of the particles created in the initial collisions are
converted into the medium fluid. Finally we study the
multiplicity dependence of the ratios of (multi-)strange
hadron yields to charged pion yields.
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2We use the natural unit, ~ = c = kB = 1, and the
Minkowski metric, gµν = diag(1,−1,−1,−1), through-
out this paper. We also use the Milne coordinates,
(τ, x, y, ηs) = (τ, ~x⊥, ηs), where τ =
√
t2 − z2 is the
proper time and ηs = (1/2) ln [(t+ z) / (t− z)] is the
spacetime rapidity.
Model.— In our framework, all matter created in high-
energy proton–proton, proton–nucleus, and nucleus–
nucleus collisions originates from partons produced in
the primary collisions. Here we employ an event gen-
erator, Pythia 8.230 [17], for the production of partons.
Pythia is a general- purpose event generator to cap-
ture a global feature of elementary particle reactions and
has been utilized widely in the community. It is noted
that heavy-ion reactions at high energies become avail-
able from this version. The particle production model for
heavy-ion reactions in Pythia is based on the improved
version of Fritiof model [29, 30]. The partons are gen-
erated from Pythia by switching on the parton vertex
information and switching off the hadronization process.
After the production, the partons propagate along their
eikonal path, xi(t) = (p
init
i /E
init
i )t + x
ver
i , where xi is
the position of the i-th parton at time t. Einiti , p
init
i and
xveri are the initial energy, momentum and creation posi-
tion in the parton vertex information of the i-th parton,
respectively, obtained from Pythia.
Then these partons deposit their energy and momen-
tum into vacuum or fluids during their propagations.
We model their energy-momentum deposition rate of the
form,
dpµi
dt
(t) = −a0 ρi(xi(t))
pT,i2(t)
pµi (t), (1)
ρi(x) =
∑
j 6=i
G(x− xj(t)), (2)
where pµi is the four-momentum of the i th parton and
the summation is taken over all partons in an event. In
the actual calculations, we solve Eq. (1) in the Milne
coordinates. Then, a smearing Gaussian function G is
G(x− xi(t))d3x
→ 1
2piσ2⊥
exp
{
− [~x⊥ − ~x⊥,i(τ)]
2
2σ2⊥
}
× 1√
2piτ2σ2ηs
exp
{
− [ηs − ηs,i(τ)]
2
2σ2ηs
}
d2~x⊥τdηs. (3)
Here we assume that the fluidization rate is proportional
to the spatial density of the partons surrounding the i
th parton, ρi(x), in order to apply the core–corona pic-
ture. Note here that ρi does not contain contribution
from fluids. In regions with high parton density (core),
fluids are supposed to be created. On the other hand, in
low parton density regions (corona), fluids are not likely
to be created. The factor p −2T in Eq. (1), which has the
same dimension as the cross section, makes the soft par-
tons tend to become fluids. The dimensionless factor,
a0, is a parameter to control the overall strength of the
fluidization process.
The dynamical initialization of the hydrodynamic
fields can be described by relativistic hydrodynamic
equations with source terms [26, 31, 32],
∂µT
µν
fluid(x) = J
ν(x) . (4)
Here Tµνfluid is the energy-momentum tensor of the fluids
and Jν is the source term. Since the matter produced at
LHC energies is almost baryon free around mid-rapidity,
we do not solve the continuity equation for the baryon
number conservation. Energy-momentum tensor is mod-
eled as the ideal one, Tµνfluid = (e+P )u
µuν −Pgµν , where
e is the energy density, P is the pressure, and uµ is the
four-velocity of the fluid. The initial conditions of the hy-
drodynamic fields at the formation time of the produced
partons, τ00, are set to T
µν
fluid(τ = τ00, ~x⊥, ηs) = 0. The
source term Jν transfers the energy and momentum de-
posited from partons calculated as in Eq. (1) into the hy-
drodynamic fields. Assuming that the deposited energy
and momentum are instantaneously equilibrated around
the partons, we employ a simple form of the source term
with a Gaussian smearing,
Jµ(x) = −
∑
i
dpµi
dt
G(x− xi(t)). (5)
From τ00 to τ0 (the hydrodynamic initial time in a con-
ventional sense), we numerically solve Eqs. (1) and (4)
simultaneously in (3 + 1)-dimensional spacetime to ini-
tialize the hydrodynamic fields. Motivated by the fact
that the experimental results of the yield ratio between
multi-strange hadrons and charged pions in Pb+Pb col-
lisions are well reproduced by a statistical model [18], we
assume in this study that the fluids consist of chemically
equilibrated matter with (anti-)strangeness. Following
this assumption, we employ an equation of state with
(2+1) flavors from a lattice QCD result [33].
At each time step, we trace a color flow of partons
provided by Pythia to form a color singlet string and
calculate its mass. When the string mass becomes lower
than its threshold for undergoing string fragmentation
as given in Pythia, all the partons in that string are
assumed to be completely fluidized and all their energy
and momentum are put into fluids through the source
terms, Eq. (5). It should be noted that the sums of
energy and of the momentum in the total system (fluids
and partons) are conserved in this framework all the way
through the dynamical initialization.
After τ0, the dynamics of the medium is the same
as that in a conventional hydrodynamic approach: We
solve Eq. (4) without source terms until the maximum
temperature goes below a fixed decoupling temperature,
T = Tdec. In this study we neglect further energy and
momentum loss of partons traversing after τ0 for simplic-
ity, as already discussed in Ref. [31].
To obtain yields of hadrons directly emitted from the
decoupling hypersurface of the chemically equilibrated
3fluids, we use the Cooper–Frye formula [34],
Ni =
gi
(2pi)3
∫
d3p
p0
∫
Σ
pµdσµ(x)
exp [pµuµ (x)/Tdec]∓BF 1 , (6)
where gi is the degeneracy, ∓BF corresponds to Bose or
Fermi statistics for hadron species i, Σ is the decoupling
hypersurface of T (x) = Tdec, and dσ
µ is the normal vec-
tor of its element. Since we assume baryon free mat-
ter, the chemical potential for the baryon number or the
strangeness does not appear in Eq. (6). Thus the net
strangeness is neutral in the calculations. For the con-
tribution from resonance decays, we simply correct the
direct yields by multiplying by a factor which is the ra-
tio of the total yields to the contribution from directly
produced hadrons estimated from Fig. 2 of Ref. [18].
For a more rigorous treatment, the effects of hadronic
rescatterings and decays of resonances could be esti-
mated through hadronic transport models as studied in
Ref. [35]. We leave such an analysis as a future study.
We push the surviving partons back into Pythia with
their reduced energy and momentum after completing the
dynamical initialization at τ0. Then these partons form
a string with a mass above its threshold and are forced to
hadronize through string fragmentation. Although reso-
nances decay into stable particles in the default setting in
Pythia, we switch off the decays of the neutral pions and
the strange baryons that are stable against strong decays
(except for Σ0 → Λ + γ), so that we obtain their yields
efficiently instead of performing mass reconstruction.
Thus the final hadrons in this study come from either
chemically equilibrated fluids or string fragmentation.
Results.— The parameters in this model are summa-
rized here. The formation time and hydrodynamic initial
time are τ00 = 0.1 fm and τ0 = 0.6 fm, respectively. To
reproduce the ALICE data reasonably well, we set the pa-
rameter to control the overall magnitude of fluidization
rate to be a0 = 100. The width parameters in the smear-
ing Gaussian functions are σ⊥ = 0.5 fm and σηs = 0.5.
For the moment, these parameters just regularize the nu-
merical simulations to avoid spiky distributions. It would
, however, be highly related to the coarse-graining pro-
cesses in hydrodynamics, which is of particular interest
for future study. The decoupling temperature that is
identified with the chemical freezeout temperature in this
approach is Tdec = 160 MeV. The correction factors that
are multiplied with the direct hadron yields from the flu-
ids obtained from Eq. (6) to include the resonance decay
contributions are cpi = 3.2 for pions, cΛ = 4.7 for lambdas
and cΞ = 1.7 for cascades [18]. In what follows, the mul-
tiplicity at mid-rapidity, dNch/dη in |η| < 0.5, in p+p,
p+Pb and Pb+Pb collisions is obtained from the default
calculations in Pythia 8.230.
We first analyze a fraction of the fluidized energy in the
transverse plane at mid-rapidity as a function of multi-
plicity, dNch/dη, to estimate to what extent a QGP fluid
is formed in an event. The fluidized energy in the trans-
verse plane with the core–corona picture is
dEcore
dηs
=
∫ τ0
τ00
dτ
∫
d2~x⊥τJτ (τ, ~x⊥, ηs). (7)
One can also estimate the total energy in the transverse
plane, dEtot/dηs, in a similar way that all the initial par-
tons are forced to be fluidized in the first time step in
Eq. (7). Thus we obtain a fraction of the fluidized en-
ergy with the core–corona picture as
R =
dEcore/dηs
dEtot/dηs
. (8)
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FIG. 1. (Color online) Fraction of the fluidized energy to
the total energy at ηs = 0 as a function of multiplicity at
mid-rapidity, dNch/dη (|η| < 0.5). The center-of-mass colli-
sion energy per nucleon pair,
√
sNN , is 7 TeV in p+p (dia-
monds), 5.02 TeV in p+Pb (triangles) and 2.76 TeV in Pb+Pb
(squares) collisions.
Figure 1 shows the fractions of the fluidized energy
at ηs = 0 as functions of multiplicity at mid-rapidity,
dNch/dη (|η| < 0.5), in p+p, p+Pb and Pb+Pb colli-
sions at the LHC energies. It should be noted that the
hydrodynamic simulations are performed in the center-
of-mass frame and that the particle yields are counted
in the laboratory frame. Hence there exists a rapidity
shift, ∆ηs = 0.47, between the laboratory frame and the
center-of-mass frame in p+Pb collisions at
√
sNN = 5.02
TeV. The fraction of the fluidized energy increases with
multiplicity and saturates above dNch/dη ∼ 50-100 re-
gardless of the collision systems or energy. This clearly
4demonstrates that the core–corona picture is properly in-
corporated in the dynamical initialization model through
Eqs. (1) and (5).
Figure 2 (a) shows the ratio of the yields of cascades
(Ξ− and Ξ¯+) to those of charged pions (pi− and pi+) as
a function of multiplicity in |η| < 0.5 in p+p (at √s = 7
TeV), p+Pb (at
√
sNN = 5.02 TeV) and Pb+Pb (at√
sNN = 2.76 TeV) collisions, compared to the experi-
mental data from the ALICE Collaboration [8, 16, 37].
The yields of final hadrons in our results are the sum of
the contribution from chemically equilibrated fluids and
from string fragmentation. When we calculate the par-
ticle yields from the fluid part via Eq. (6), the value at
ηp = 0 is used where ηp is the momentum rapidity. The
yields of pions and cascades obtained in this way are cor-
rected by multiplying by resonance correction factors cpi
and cΞ, respectively. On the other hand, when we obtain
the yields from string fragmentation via Pythia, the ra-
pidity region is taken to be |ηp| < 2.0 to gain statistics
and divided by ∆ηp = 4.0. The error bars in these results
are statistical ones and originate only from string frag-
mentations, while those in experimental data are system-
atical ones. The results with the dynamical core–corona
initialization model capture the tendency of the data, i.e.,
the monotonic increase up to dNch/dη ∼ 100 and the
saturation above it. In the very low multiplicity events,
dNch/dη ∼ 1, the ratio is close to the vacuum fragmen-
tation limit, NΞ/Npi ∼ 0.002, which is estimated from
the calculation solely by Pythia with the Lund string
fragmentation. As the multiplicity increases, the frac-
tion of the QGP fluid formation increases regardless of
colliding systems and the ratio reaches the limit of chem-
ically equilibrated fluids, NΞ/Npi ∼ 0.005, which can be
estimated by the statistical models (e.g., Ref. [18]). This
behavior is deduced quite naturally from a fraction of the
fluidized energy shown in Fig. 1.
Shown in Fig. 2 (b) is the ratio of yields of lambdas
(Λ and Λ¯) to those of charged pions (pi− and pi+) as a
function of multiplicity, compared to the ALICE data
[8, 36]. Here the same behavior is seen as for cascades
in Fig. 2 (a): a monotonic increase up to dNch/dη ∼ 100
and saturation above it. The ratio is close to the frag-
mentation limit NΛ/Npi ∼ 0.025 for the very low multi-
plicity events. Then it monotonically increases with the
multiplicity, and saturates around dNch/dη = 100 with
the value, NΛ/Npi ∼ 0.04, estimated by the statistical
models. The dynamical core–corona initialization model
demonstrates that the enhancement of lambdas is less
prominent than that of cascades as a function of multi-
plicity, depending on their strangeness quantum number.
Summary.— In this letter we have formulated a dy-
namical initialization model with the core–corona picture
to analyze hadron yields from chemically equilibrated
fluids and string fragmentation in high-energy proton–
proton, proton–nucleus and nucleus–nucleus collisions.
From this model, we calculated the ratios of strange
baryon yields to charged pion yields as functions of mul-
tiplicity and compared them with the ALICE data.
In this model, all the matter is initialized from par-
tons created in the primary collisions. These partons
were generated from Pythia 8.230. They deposited
their energy and momentum so as to create QGP fluids
via the source terms of hydrodynamic equations during
their propagation in the vacuum or fluids. The energy-
momentum deposition rate was parametrized to capture
the core–corona picture. The rate is higher in the denser
region of the generated partons to more likely generate
the QGP fluids. On the other hand, the QGP fluids are
generated less in the more dilute region. Partons with
higher pT contribute less to this dynamical initialization
process. After the dynamical initialization, the fluid ex-
pands and cools down as it generates hadrons from the
decoupling hypersurface. Here the ratios of hadron yields
from the chemically equilibrated fluids reflect the decou-
pling temperature regardless of multiplicity. On the other
hand, the partons surviving after the dynamical initial-
ization undergo string fragmentation in Pythia. The
string fragmentation gives hadron yield ratios, being al-
most independent of multiplicity, different from those
from the chemically equilibrated fluids. As a result, the
ratios are between the value at the chemically equili-
brated fluid limit and that at the fragmentation limit
according to their fraction. We found the ratio of Ξ or
Λ to pi increases with multiplicity from the fragmenta-
tion limit, reaches the chemically equilibrated fluid limit
at dNch/dη ∼ 100, and saturates above. This strongly
suggests that the QGP fluids are partly produced in high-
multiplicity p+p and p+Pb collisions although the con-
tribution from fragmentation is still important. It also
suggests that the contribution from the QGP fluids is
dominant in hadron yields in Pb+Pb collisions, if mul-
tiplicity at mid-rapidity exceeds dNch/dη ∼ 100. One
may access more detailed information about the equili-
bration in the QGP fluid by studying the production of
other particle species. For example, investigation of the
ratio of φ mesons to pions enables us to discriminate be-
tween the effect from the core–corona picture and that
from the canonical strangeness suppression [21]. We will
cover these analyses, together with collision energy and
model-parameter dependences on the ratios, in a future
publication [38].
In the dynamical core–corona initialization model em-
ployed in this study, soft and hard physics can be treated
in a unified manner. According to the parametriza-
tion of pT dependence in the fluidization rate, relatively
more partons with higher pT survive, which produces the
dominant sources of final hadrons in high pT regions,
while low-pT hadrons in the final state are dominated
by the hydrodynamic component. Since soft and hard
particles are treated together, the resulting spectra can
cover the entire momentum region and correlations be-
tween soft and hard physics are encoded naturally in
this framework. In this study we focused on the yield
ratio between (multi-)strange baryons and charged pi-
ons. It would also be interesting to see flow observables,
such as two-particle correlation functions and anisotropic
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FIG. 2. (Color online) Ratio of yields of (a) cascades (Ξ− and Ξ¯+) and (b) lambdas (Λ and Λ¯) to the ones of charged pions (pi−
and pi+) as a function of multiplicity at mid-rapidity, dNch/dη, in p+p (diamonds), p+Pb (triangles) and Pb+Pb (squares)
collisions at the LHC energies. The center-of-mass collision energy per nucleon pair is,
√
sNN = 7 TeV, 5.02 TeV and 2.76 TeV
in p+p, p+Pb and Pb+Pb collisions, respectively. Results from a dynamical core–corona initialization model (closed symbols)
are compared with ALICE data (open symbols) [8, 16, 36, 37].
flow parameters in azimuthal distributions. In particu-
lar, in moderate-multiplicity events, the competition be-
tween the fragmentation component and the hydrody-
namic component plays a significant role. We will report
on this analysis elsewhere.
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